Abnormal fibrogenic repair response upon alveolar injury is believed to play an important role in the pathogenesis of idiopathic pulmonary fibrosis (ipf).
Introduction
Idiopathic pulmonary fibrosis (ipf) is a debilitating and fatal disease with a median survival time of 3 years upon diagnosis. Patients with ipf suffer from cough, progressive dyspnoea on exertion and lung function decline. Recent positive results in investigational drug trials have shown that ipf is amenable to therapy and reduction in lung function decline is attainable (1, 2) . However, patients using these new drugs still suffer from progressive disease and only lung transplantation offers a curative option to a limited number of patients, indicating the necessity for additional therapies (3, 4) .
Although the pathogenesis of ipf has not been fully elucidated, an aberrant fibrogenic repair response upon alveolar injury seems to plays a central role (5) . Improving normal wound healing and repair is therefore of great interest in ipf.
The endogenous blood plasma protein pentraxin (ptx)-2, also known as serum amyloid p, is believed to play a crucial role in regulating wound healing and fibrosis (6) . ptx-2 is closely related to ptx-1 (C-reactive protein); both are short pentraxins synthesised by the liver. ptx-2 is constitutively synthesised at steady-state levels, while ptx-1 is an acute-phase protein that can respond to inflammatory signalling by rapid increase in synthesis and circulating levels. A third member of the pentraxin family is ptx-3, which is also an acute-phase protein with a significant role in the orchestration of tissue repair and remodelling (7) .
ptx-2 has been shown to accumulate at sites of fibrosis in animal models (8) . ptx-2 inhibits differentiation of monocytes into pro-inflammatory and profibrotic macrophages and fibrocytes, while promoting their differentiation into regulatory macrophages (9) . This in turn promotes epithelial healing and resolution of inflammation and scarring. The constitutive level of production and consumption of ptx-2 at fibrotic sites is thought to result in the lower circulating levels of ptx-2 in fibrotic disease, as seen in ipf (8), end-stage renal disease (8) and non-alcoholic steatohepatitis (10) .
prm-151 is recombinant human ptx-2, produced in a Chinese hamster ovary cell expression system, which has been shown to reduce fibrosis in preclinical models of transforming growth factor-1 (tgf-1)-and bleomycin-induced lung fibrosis, with durable effects up to 30 days after dosing (9, 11, 12) . The first clinical study with prm-151, in which single intravenous doses varying from 0.1 to 20 mg/kg were administered to healthy volunteers and a small cohort of pulmonary fibrosis patients, demonstrated that prm-151 was well tolerated and that the compound displayed a favourable pharmacokinetic profile (13).
The current study was designed to assess the safety and tolerability of multiple escalating intravenous doses of prm-151, to determine its pharmacokinetic behaviour, and to explore its pharmacodynamic effects, including functional measures such as pulmonary function tests, 6-min walking distance, patient-reported outcomes, and plasma biomarkers relevant for the pathophysiology of pulmonary fibrosis. After study completion, a retrospective analysis of data from high-resolution computed tomography (hrct) scans was performed using a quantitative imaging modality. Some of the results of these studies have been previously reported in the form of an abstract (14) .
Methods study design The study was a randomised, placebo-controlled, double-blind, sequential-group study of ascending multiple doses of prm-151. The study was conducted in accordance with the Declaration of Helsinki and Good Clinical Practice guidelines, and was approved by local ethical review boards. Three study centres (two in the usa and one in the Netherlands) enrolled a total of 21 patients. All subjects provided written informed consent prior to enrolment.
Subjects were enrolled in three successive cohorts, each to include seven subjects, randomly assigned to receive either placebo (n=2) or prm-151 (1, 5 or 10 mg/ kg; n=5 per successive dose level). Each subject participated in the study for ~13 weeks, which included a screening evaluation within 35 days before the first test article administration and a study period of 8 weeks entailing 2 brief inpatient periods and 11 outpatient visits that could be conducted at home at the subject's request. The test article was administered on days 1, 3, 5, 8 and 15 as an intravenous infusion over 30 min, under fasting conditions. The decision to progress to the next dose level was made following review of the blinded safety data up to day 6 for at least four subjects.
main subject inclusion and exclusion criteria Participants were to be males or females of non-childbearing potential, aged 40-80 years, with a body mass index of 18-33 kg/mB and a body weight 45 kg. All subjects had a diagnosis of ipf as determined by a definite or possible usual interstitial pneumonia (uip) pattern on hrct as described in the current American Thoracic Society (ats)/European Respiratory Society/Japanese Respiratory Society/Latin American Thoracic Association statement (4), or by a surgical lung biopsy consistent with ipf. Other idiopathic interstitial pneumonias or interstitial lung diseases associated with environmental exposure, medication or systemic disease were excluded. Other inclusion criteria included forced vital capacity (fvc) 45% predicted, diffusing capacity of the lung for carbon monoxide (dlco) 35-80%, and a resting oxygen saturation on oxygen 88%. The use of cyclophosphamide, systemic steroids, immunosuppressives or any investigational drug within 35 days before test article administration was prohibited.
safety analysis Safety was evaluated from reported clinical adverse events, scheduled physical examinations, vital signs, 12-lead electrocardiograms (ecgs), hrct findings and clinical laboratory test results. Serum levels of antibodies to ptx-2 were measured to evaluate for immune response on day 1 (pre-dose) and on days 29 and 57. All subjects were carefully observed for symptoms of infusion reaction, including allergic reactions or hypersensitivity (e.g. urticaria and pruritus).
pharmacokinetic analysis Blood samples were obtained pre-dose and at multiple time points on days 1 through 57 for pharmacokinetic analysis. Plasma prm-151 concentrations were determined using a validated enzyme-linked immunosorbent assay (elisa) method (Intertek Pharmaceutical Services, San Diego, California, usa). Non-compartmental pharmacokinetic analysis was performed for prm-151 using Phoenix® WinNonlin® (version 6.3; Certara, Mountain View, California, usa) and SigmaPlot® (version 11; Systat Software, San Jose, California, usa). Because the bioanalytical method did not differentiate between prm-151 and endogenous human ptx-2, baseline ptx-2 concentration was subtracted from all post-dose concentrations to generate baseline-corrected prm-151 plasma concentrations. Baseline-corrected prm-151 values that were negative were assumed to be zero.
efficacy endpoints The pharmacodynamic effects of prm-151 were assessed using functional tests and measurement of relevant plasma biomarkers. Pulmonary function was assessed using pulmonary function tests (fvc, fvc % predicted (pred), forced expiratory volume in 1 s (fev 1 ) and dlco) at screening and on days 1, 15 and 57. A 6-min walk test (6mwt) was performed at screening and on days 16 and 57 according to the 2002 ats standards. Subjects were also asked to complete the St George's Respiratory Questionnaire (sgrq) on days 1, 16, 22 and 57. edta blood samples were collected over the course of the study period for assessment of a variety of blood biomarkers (including multiple matrix metalloproteinases, cytokines and chemoattractants) using either a custom glass slide array (53 biomarkers analysed by RayBiotech, Norcross, Georgia, usa) or an elisa (4 biomarkers analysed by Promedior, Lexington, Massachusetts, usa). Because of the limited sample size, only exploratory analyses were planned, allowing the identification of gross trends across treatment groups.
Non-contrast hrct scans with contiguous reconstruction, performed according to local institutional protocols, were obtained at screening (4-5 weeks prior to day 1) and at day 57. For each subject, the hrct scan data with the highest contiguous reconstruction technique that were most similar at both time points were utilised for analysis. A retrospective exploratory quantitative analysis was performed centrally using caliper (computer-aided lung informatics for pathology evaluation and rating) software (developed by Mayo Clinic, Rochester, Minnesota, usa and licensed to Imbio, Minneapolis, Minnesota, usa). Lung texture analysis using caliper classifies each voxel of lung parenchyma based on morphology and density characteristics into one of five subtypes: normal; ground glass; reticular; honeycombing; and mild, moderate or severe low attenuation areas. In analysis of the extent of disease in this study, areas of ground glass, reticular and honeycombing subtypes were combined as interstitial lung abnormalities (ila) and normal or mild low attenuation areas were considered non-ila parenchyma (normal or mild low-attenuation areas representing hyperinflated tissue not involved by interstitial lung disease features). Previous studies have shown that caliper results are comparable to but more reproducible than radiologist assessment (15), they correlate with fvc % pred, dlco and 6mwt (16) , and changes in ila features over time are predictive of mortality in ipf (17) . caliper results were reported as change from screening to day 57 in percentage of total lung volume occupied by ila and non-ila features.
Results
demographics In total, 21 subjects were enrolled: eight subjects in cohort 1 (1 mg/kg), seven subjects in cohort 2 (5 mg/kg) and six subjects in cohort 3 (10 mg/ kg). All cohorts included two subjects treated with a placebo solution. In the first cohort, treatment was terminated for one subject due to observed adverse events (see later). This subject was replaced by another subject treated at the same dose level. In the last cohort, only six subjects were enrolled (prm-151: n=4; placebo: n=2) due to limited supply of study medication. Demographics are presented in Table 1 . In four subjects, all aged >65 years, a diagnosis of ipf was made based on possible uip on hrct without histology, in an appropriate clinical setting. Although according to current consensus a diagnosis of "unclassifiable idiopathic interstitial pneumonia" may be considered in these patients (18) , several studies indicate that the diagnostic likelihood of ipf in such a setting is very high (~95%) (19, 20) . Another subject did not have definite uip on hrct but was diagnosed with familial ipf; histology following subsequent lung transplantation showed a definite uip pattern.
safety No infusion reactions, dose-limiting toxicity or serious adverse events were observed. In addition, no antibodies to prm-151 were detected. In the prm-151-treated subjects, the most common treatment-emergent adverse events recorded during the study were cough (n=7; 47%), productive cough (n=4; 27%), fatigue (n=3; 20%) and headache (n=3; 20%). The incidence of these events was comparable in the placebo group (cough 33% (n=2); productive cough 33% (n=2); fatigue 17% (n=1) and headache 17% (n=1)) ( Table 2 ). Neither the nature nor the frequency of these reported adverse events increased with ascending prm-151 dose levels. One subject in the 1 mg/kg dose group experienced an episode of moderate hypotension and dizziness just before administration of the third dose of prm-151. These symptoms were considered possibly related to prm-151 administration, and resulted in the discontinuation of prm-151 treatment for that subject.
pharmacokinetics The mean ± standard error of the mean baseline plasma concentration of ptx-2 was 41.2 ± 3.4 μg/mL in the 6 placebo-treated subjects and 32.6 ± 1.2 μg/mL in the 15 prm-151-treated subjects. Administration of 1, 5 and 10 mg/kg prm-151 to ipf patients resulted in peak plasma concentrations that were 2-, 5-and 8-fold elevated compared to the mean baseline plasma ptx-2 levels (Figure 1a and b) . Because of minimal circadian variability in endogenous ptx-2 (as evidenced by the values measured over time in the placebo-treated subjects (not shown)), non-compartmental analysis of prm-151 pharmacokinetics was performed after subtraction of each individual subject's endogenous baseline ptx-2 level from levels at later time points. prm-151 exposure (maximum concentration (C max ) and area under the curve (auc) over 48 h) increased linearly with increasing doses (Figure 1c and d) . C max was observed after 1-2 h. The median observed half-life on day 15 was 32.8 h, but was highly variable between individual subjects, ranging from 11 to 110 h. prm-151 did not accumulate in plasma when administered on a weekly basis (Figure 1a and b) .
efficacy endpoints Mean baseline pulmonary function measures (fvc, fvc % pred, dlco and fev1) were lower in the placebo group compared to the prm-151 groups (Table 3 ). In the placebo group, fvc, fvc % pred, and fev1 were all decreased on day 57 compared to baseline, indicative of a worsening of pulmonary function. In all prm-151-treated groups, increased pulmonary function measures were observed compared to baseline levels, although the magnitude of increase in fvc, fvc % pred, and fev1 was modest, and the differences between groups were not statistically significant. Relative increases of 5% in fvc % pred between baseline and day 57 occurred in six prm-151-treated subjects (5% increase in three subjects and 10% increase in three subjects) and in none of the placebotreated subjects (Figure 2) . A relative decline of 5% from baseline fvc % pred was observed in two prm-151-treated subjects and two placebo subjects ( Figure  2 ). No indication of prm-151 dose level dependency on lung function tests was observed, and there was no apparent correlation between change in fvc % pred and C max or auc of prm-151. prm-151 treatment did not have an effect on dlco.
Mean distance walked in the 6mwt decreased slightly over time in the placebo group and the lowest prm-151 dose group (1 mg/kg), and the mean distance walked improved in the two higher prm-151 dose groups (Table 3) . None of these differences were statistically significant. No prm-151 effect was observed on sgrq outcome (not shown).
Plasma vascular endothelial growth factor (vegf) levels progressively increased over time in the placebo-treated subjects; the levels remained stable in the prm-151-treated subjects. Other plasma biomarkers potentially related to fibrosis or the biology of ptx-2, including matrix metalloproteinase-7 (mmp-7), intercellular adhesion molecule-1 (icam-1), interleukin (il)-8, vascular cell adhesion molecule-1 (vcam-1), and S100A12 did not show differences between prm-151 and placebo groups (Supplementary Table S1 ).
Baseline quantitative imaging data were analysed in 16 subjects who had 36 days between screening hrct and day 1 pulmonary function tests. There was a strong negative correlation between screening fvc % pred and percentage of lung volume identified as non-ila using caliper (r =-0.7; Figure 3 ), which demonstrates the potential value of quantitative imaging as biomarker in clinical trials in ipf. Non-ila lung volume decreased in all placebo subjects and was stable or increased in five prm-151-treated subjects, all of whom had stable or increased fvc % pred (Supplementary Table S2 ). There was no clear correlation between the magnitude of change in fvc % pred and percentage non-ila lung volume (not shown). hrct analysis was limited in four subjects by poor inspiratory effort on the day 57 scan. Non-ila determination was possibly limited by the technical limitations of the retrospective analysis of the hrct data, including differences in hrct protocols used at the different study sites.
Discussion
This study demonstrated that prm-151, administered as five intravenous infusions over 15 days at doses ranging from 1 to 10 mg/kg, was well tolerated in patients with ipf, and did not raise any safety concerns. One subject receiving 1 mg/kg prm-151 experienced an episode of moderate hypotension and dizziness, which resulted in treatment termination prior to the third dose. This event was considered possibly to be related to prm-151 administration. The most frequently reported adverse events (cough, productive cough, fatigue and headache) were equally distributed between prm-151-and placebo-treated subjects, suggesting that these events were not related to the test article and that some (such as cough) were a natural part of the disease. Neither the nature nor the frequency of these adverse events increased with ascending prm-151 dose levels. Importantly, no allergic or anaphylactic signs were observed.
At 10 mg/kg, the highest dose level tested, administration of prm-151 resulted in an 8-fold increase in circulating ptx-2 levels, which remained elevated for 2 days. These data confirm the earlier observations on prm-151 kinetics in ipf patients (13) . There were no indications for accumulation of prm-151 in plasma when administered at the selected dosing regimen. The inter-individual variability observed in half-life was substantial, which may relate to the small and heterogeneous study population (e.g. sex and disease state). A population pharmacokinetic approach may be suitable for identification of key covariates determining the pharmacokinetic behaviour of prm-151, which may be supportive for further clinical development of the compound.
Based on preclinical experiments in animal models, prm-151 was expected to exert pharmacological activity at the dose levels explored in this clinical study. In mouse and rat models of lung fibrosis, purified mouse and rat ptx-2 were effective at dose levels of 2.5 mg/kg and 1.6 mg/kg, respectively, while human ptx-2 was routinely effective at 2-10 mg/kg in the mouse models of lung fibrosis (no lower doses were evaluated) (9, 11, 12, 21) . Although the physiological validity and translatability of animal fibrosis models to human ipf can be argued (22) , these animal study results indicate sufficient prm-151 exposure for intended pharmacological effect at the dose levels of 1-10 mg/kg selected in our clinical study. ptx-2 acts as a ligand for Fc receptors expressed on monocytes and macrophages, stimulating their differentiation into restorative regulatory macrophages with their local production of il-10 (8). Therefore, the optimal dose regimen of prm-151 may require a threshold dosing interval to effectively modulate tissue-resident monocyte/ macrophage populations. Although our study was not designed to demonstrate clinical efficacy of prm-151, potential trends in clinical effects of prm-151 were explored that could guide further clinical development of the compound. Some trends towards improvement in multiple pulmonary function measures (fvc, fvc % pred, fev 1 and 6-min walking distance) and increases in normal lung volume by quantitative imaging on day 57 were observed. We cannot exclude the possibility that the observed trend for prm-151 effects was related to differences in disease severity between placebo and prm-151 treatment groups, despite randomisation and the double-blind nature of the study. Plasma biomarkers (mmp-7, il-10, icam-1, il-8, vcam-1 and S100A12), validated to indicate disease prognosis, did not show differences between prm-151 and placebo groups (23) . Since the sample size in the clinical study was small, and the treatment duration was relatively short, no firm conclusions can be drawn on clinical efficacy endpoints. Evaluation of cellular biomarkers at the site of disease, such as alveolar macrophages, would have been valuable for assessment of the biological effect of prm-151. The repeated investigations necessary to obtain such biomarkers in a study population burdened by considerable disease were deemed unfeasible for this study. However, it should be noted that such an approach is being employed in an ipf trial (clinicaltrials.gov nct01371305).
In summary, five intravenous doses of prm-151 over 2 weeks were generally well tolerated in ipf patients. Administration of prm-151 resulted in a substantial increase in circulating ptx-2 levels. Some clinical efficacy markers showed trends towards improvement in the prm-151 dose groups. However, efficacy of prm-151 in ipf will be investigated in a dedicated future trial, which will prospectively evaluate both changes in lung function and tissue abnormalities by quantitative image analysis of hrct. 
bmi (kg/m2) 28.7 ± 3.1 2 8 .6 ± 2.3 2 8 .6 ± 4.6 2 8 .9 ± 2.7 2 8 .7 ± 3.1
Data are presented as n, mean ± standard deviation or n (%). bmi: body mass index; uip: usual interstitial pneumonia; hrct: high-resolution computed tomography. 
Pruritus
Haematoma
Dyspnoea exertional 2 (33)
Nasopharyngitis
Back pain 2 (33)
Dysphonia
Hypotension
Catheter site haematoma
Non-cardiac chest pain 2 (33)
Data are presented as n or n (%). Events reported by at least 2 (10%) out of the 21 subjects are listed. Treatment-emergent adverse events were defined as events occurring from the first day of dosing to the end of study (day 57 or early termination day). Day 57 change from baseline -11 ± 51 -11 ± 63 6 ± 43 35 ± 45 8 ± 51
Data are presented as n or mean ± standard deviation. fvc: forced vital capacity; fvc % pred: forced vital capacity percentage predicted; dlco: diffusing capacity of the lung for carbon monoxide; fev1: forced expiratory volume in 1 s.
Haptoglobin ng/ml 2510000 1470000 2710000 1390000 3560000 2950000 2730000 1320000 2740000 1120000 3500000 1280000 S100A12 ng/ml 153table s2 Individual subject data comparing absolute change in forced vital capacity % predicted (fvc % pred) versus change in total lung volume free of interstitial lung abnormalities (ila; non-ila) on day 57. clinical pharmacology of immuno-modulatory biotherapeutics -innovations in early drug development
